Antigen-induced exclusion from follicles and anergy are separate and complementary processes that influence peripheral B cell fate  by Cyster, Jason G. & Goodnow, Christopher C.
Immunity, Vol. 3, 691-701, December, 1995, Copyright 0 1995 by Cell Press 
Antigen-Induced Exclusion from Follicles and Anergy 
Are Separate and Complementary Processes 
that Influence Peripheral B Cell Fate 
Jason G. Cyster’ and Christopher C. Goodnowt 
Department of Microbiology and Immunology 
tand Howard Hughes Medical Institute 
Beckman Center 
Stanford University School of Medicine 
Stanford, California 94305 
Summary 
Anergic self-reactive B cells competing within a poly- 
clonal B cell repertoire fail to migrate into primary folli- 
cles and die after l-3 days residence in T cell zones. 
Transfer of anergic HEL-specific B cells to recipients 
lacking HEL autoantigen and continuous bromodeoxy- 
uridine labeling In mixed bone marrow chimeras con- 
firms that folllcularexclusion and cell death in l-3 days 
is not an intrinsic characteristic of anergic cells but 
results from competition with B cells bearing other 
specificities together with continued binding of au- 
toantigen. When naive (nontolerant) HEL-specific B 
cells were transferred into mice expressing HEL au- 
toantigen, they were also excluded from follicles and 
their lifespan was dramatically shortened, although 
they became activated to express CD88 (B7-2/870). In 
the presence of helper T cells, activated B cells but 
not anergic B cells were rescued from death and 
formed large extrafollicular foci of autoantibody- 
secreting cells. Antigen-induced exclusion from folli- 
cles is therefore an independent process from anergy 
that prevents self-reactive B cells from recirculating 
in the long-lived repertoire and may foster interactions 
with T cells during immune responses. By contrast, 
anergy prevents self-reactive B cells from collaborat- 
ing with helper T cells and secreting autoantibody 
while trapped in the T zone. 
Introduction 
Transgenic mice expressing immunoglobulin specific for 
multivalent self-antigens such as cell surface molecules 
and DNA have established that certain autoreactive speci- 
ficities are eliminated in the bone marrow (Nemazee and 
Biirki,1989;Eriksonetal.,1991;Hartleyetal.,1991,1993; 
Okamoto et al., 1992; Shlomchik et al., 1993; Chen et al., 
1995). A second mode of tolerance by functional inactiva- 
tion, or anergy (Nossal, 1983; Goodnow et al., 1988), was 
observed when immunoglobulin transgenic mice specific 
for hen egg lysozyme (HEL) were crossed to mice express- 
ing HEL as a circulating self-antigen (Goodnow et al., 
1968,1989a). A uniform population of autoreactive B cells 
dominated the preimmune B cell repertoire in these mice, 
reaching the periphery in near normal numbers and recir- 
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culating between primary follicles in secondary lymphoid 
tissues (Mason et al., 1992; Cyster et al., 1994), but exhib- 
iting a characteristic 5- to 15fold down-regulation of sur- 
face immunoglobulin M (IgM) and loss of many normal 
cellular responses (Goodnow et al., 1988; Bell and Good- 
now, 1994; Cooke et al., 1994). When the fate of anergic 
cells was explored in a polyclonal B cell repertoire where 
they competed with nonautoreactive B cells, the anergic 
cells were excluded from migrating into primary follicles, 
and accumulated transiently in the outer T zone before 
disappearing (Cyster et al., 1994). Migration of B cells into 
follicles therefore appears to be necessary for normal B 
cell survival in the preimmune repertoire, with anergic B 
cells being compromised in their ability to compete for 
access to niches in the follicular microenvironment (Cyster 
et al., 1994). A similarly short lifespan of peripheral anergic 
B cells in 4-to g-month-old IglHEL double-transgenic mice 
(Fulcher and Basten, 1994a) may also reflect follicular ex- 
clusion, as competitor non-HEL binding B cells accumu- 
late to over a quarter of total B cells in old double- 
transgenicanimals(Masonet al., 1992; unpublisheddata). 
Exclusion from follicles and rapid turnover in the outer T 
zones also appears to account for the failure of most new 
B cells to accumulate after emigrating from the bone mar- 
row in adult nontransgenic animals (Lortran et al., 1987; 
Chan and MacLennan, 1993). Collectively, these findings 
highlight the importance of the outer T zones adjacent to 
follicles as a major site for B cell attrition and repertoire 
shaping. 
The outer T zone is a major trafficking region for B and 
T cells during recirculation. After arrival in the white pulp 
of the spleen or the paracortex of lymph nodes, B and T 
cells migrate along the outer T zone before segregating 
into the follicular microenvironment and deeper T zone, 
respectively (Sprent and Miller, 1972; Gutman and Weiss- 
man, 1973; Nieuwenhuis and Ford, 1976; Pellas and 
Weiss, 1990). This recirculation process is altered during 
an immune response, with a marked retention of antigen- 
specific cells in lymphoid tissues draining the site of anti- 
gen exposure(Sprent et al., 1971; Rowleyet al., 1972; Hay 
et al., 1974). In the case of a secondary immune response 
taking place in the spleen, where the elevated frequency 
of antigen-specific B cells allows histochemical enumera- 
tion, antigen-reactive B cells become selectively concen- 
trated within the first day in the outer T zone and the inter- 
action of antigen-specific B cells with activated T cells in 
the same site has been observed (Liu et al., 1991; Leder- 
man et al., 1992; Van den Eertwegh et al., 1993). A similar 
rapid redistribution of antigen-specific B cells from the folli- 
cles and marginal zones to the outer T zone was observed 
when a soluble antigen that could not be recognized by 
T cells was administered to mice during an immune re- 
sponse (Shokat and Goodnow, 1995). These findings fo- 
cus attention on the need to examine the links between 
antigen binding, anergy, T cell help, and B cell competition 
in selectively trapping antigen-binding B cells in the outer 
T zone. Moreover, the short lifespan of anergic B cells 
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trapped in the T zone under physiological conditions of 
interclonal competition raises into question the role of an- 
ergy either in maintaining tolerance or in bringing about 
follicular exclusion and premature death. 
To study the requirements for B cell exclusion from folli- 
cles and to clarify its relationship to 6 cell anergy, we 
describe here the fates of naive B cells not previously 
exposed to HEL and anergic B cells that have been chroni- 
cally exposed to HEL following transfer to recipients ex- 
pressing or lacking HEL autoantigen. Follicular exclusion 
was not dependent on B cell anergy or T cell help, but 
required continual B cell antigen receptor engagement 
and the presence of competitor B cells. When excluded 
from follicles and trapped in the T zone in the absence of 
T cell help, both naive and anergic B cells disappear within 
a few days, whereas in the presence of helper T cells only 
naive B cells are rescued from death and triggered into 
antibody production. These findings demonstrate that fol- 
licular exclusion and anergy are separate and complemen- 
tary processes for regulating B cell survival, B cell-T cell 
interaction, and antibody production. 
Results 
Accelerated Turnover of Anergic B Cells 
in the Presence of Competitor B Cells 
In previous studies, when LyB’-marked anergic B cells 
were transferred from one IglHEL double-transgenic 
mouse to another, in the absence of nonautoreactive com- 
peting B cells, the transferred anergic cells migrated and 
survived indistinguishably from naive immunoglobulin- 
transgenic B cells transferred in the absence of autoanti- 
gen (Cyster et al., 1994). This result suggested that anergic 
cells were not intrinsically short-lived. By contrast, cell 
turnover measurements made by BrdU labeling sug- 
gested that anergic B cells in IglHEL double-transgenic 
animals have a lifespan of only 3-4 days (Fulcher and 
Basten, 1994a). Since these measurements were made 
in 4-to g-month-old animals that contain significant num- 
bers of non-HEL binding cells (Fulcher and Basten, 1994a; 
unpublished data) that could compete for follicular niches, 
we repeated the BrdU labeling experiments under condi- 
tions where we could control the number of competing B 
cells in the repertoire. For this purpose, we employed the 
bone marrow chimera approach used previously (Cyster 
et al., 1994), by reconstituting lethally irradiated non- or 
HEL-transgenic mice with bone marrow that was either 
entirely derived from B6 immunoglobulin-transgenic mice 
or was an 80:20 mixture of B6 immunoglobulin-transgenic 
and B6 Ly5” nontransgenic marrow to provide a source 
of competing non-HEL-reactive B cells. BrdU was continu- 
ously administered per OS 8-l 0 weeks after reconstitution, 
and mice were analyzed at varying times after the start 
of labeling. In chimeras lacking HEL autoantigen, greater 
than 50% of naive immunoglobulin-transgenic B cells sur- 
vived more than 1 week, both in the absence and presence 
of competitor nontransgenic B cells (Figure 1A). In each 
of these cases, immunoglobulin-transgenic HEL-binding 
B cells gained access to follicular niches (Cyster et al., 
1994; data not shown). The small increase in labeling rate 
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Figure 1. Accelerated Turnover of Anergic B Cells Binding HEL Au- 
toantigen in the Presence of Competing B Cells with Other Antigen 
Specificities 
Circles show the proportion of splenic HEL-binding B cells labeled 
with BrdU after l-14 days labeling of individual nontransgenic (A) or 
HEL-transgenic (B) chimeric mice reconstituted 8 weeks earlier with 
either 100% anti-HEL immunoglobulin-transgenic (closed circles) or 
80% immunoglobulin-transgenic and 20% nontransgenic (open cir- 
cles) bone marrow. The data is pooled from three experiments and 
no data for 80:20 chimeric mice was collected on day 14. The mean 
number of HEL-binding B cells in recipients of 100% immunoglobulin- 
transgenic bone marrow was 6.6 x 10’ (* 2.1 x 103 cells in non- 
transgenic recipients and 6.5 x 10’ (* 0.9 x 103 cells in HEL- 
transgenic recipients. In recipients of the 80:20 mixture, the mean 
numbers of cells were: 10.7 x IO (+ 4.2 x 10s) HEL-binding and 
66.6 x lo8 (* 20.6 x 109 total B cells in nontransgenic recipients; 
3.5 x iO@(* 1.6 x lO’)HEL-bindingcellsand64.8 x 10B(f 9.1 x 
l@ total B cells in HEL-transgenic recipients. No significant differ- 
ences in the number of HEL-binding or total B cells were detectable 
after different periods of labeling 
of naive immunoglobulin-transgenic cells in the presence 
of competitor cells may reflect a slightly decreased life- 
span due to competition with clones in the nontransgenic 
B cell population. Proliferation of cells in the periphery 
could also contribute to the increased labeling rate, al- 
though HEL-binding cells represented the same propor- 
tion of total B cells in the periphery as in the immature B 
cell pool and were not present in sites of proliferation such 
as germinal centers or outer T zones. In recipients ex- 
pressing HEL autoantigen, but containing few competitor 
non-HEL binding 6 cells (100 curve; Figure 1 B), 50% of 
the anergic B cells remained unlabeled after 1 week and 
40% remained unlabeled after 2 weeks. By contrast, in 
the HEL-transgenic 80:20 chimeras where an excess of 
competitor non-HEL-binding B cells were present and 
HEL-binding cells were selectively excluded from follicles 
(Cyster et al., 1994), 50% of the anergic cells in the spleen 
were BrdU positive after 3.5 days, and approximately 90% 
had incorporated BrdU by 1 week (80:20 curve; Figure 
1 B). As it takes 2 or 3 days for bone marrow B cells that 
incorporate BrdU to enter the periphery (Aspinall and 
Owen, 1983; Chan and MacLennan, 1993), these findings 
confirm data from transfer studies (Cyster et al., 1994) that 
the lifespan of autoantigen-exposed anergic B cells in the 
periphery is not intrinsically restricted to l-3 days but is 
prematurely terminated within this period if survival and 
follicular entry is blocked by competitor B cells (Cyster et 
al., 1994). 
Survival of Mature B Cells in the Periphery Is 
Determined by Receptor Occupancy Status 
To determine whether follicular exclusion and premature 
death in the presence of competitor B cells was a process 
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Figure 2. Disappearance of Naive HEL-Specific B Cells after Transfer 
to Transgenic Recipients Expressing HEL Autoantigen, and Persis- 
tence of Anergic B Cells after Transfer to Nontransgenic Recipients 
Lacking HEL 
(A, B) Frequency of HEL-binding naive (open symbols; [A]) or anergic 
(closed symbols; [B]) B cells determined by flow cytometry in recipient 
spleen, lymph node, and blood 7 hr. 1, 3, and 6 days after transfer 
into unirradiated nontransgenic (squares) or HEL-transgenic (trian- 
gles) recipients. Symbols represent the means, and error bars show 
standard deviation of 3-6 recipient mice. For the anergicHEL trans- 
fer, no data was collected on day 6. Background staining was deter- 
mined from control recipients that did not receive HEL-specific cells, 
and was in the range of 0.005%-0.03% of leukocytes, as indicated 
by the lower limits marked on the y axes. 
restricted to anergic B cells, naive HEL-specific B cells 
from immunoglobulin-transgenic mice were injected into 
unirradiated recipients expressing soluble HEL autoanti- 
gen (naive+HEL; Figure 2A). Mice expressing HEL as a 
self-antigen were used for two reasons: the antigen con- 
centration remains constant over time, and HEL-specific 
T cell help is lacking due to T cell tolerance (Adelstein et 
al., 1991) allowing the effect of B cell antigen receptor 
engagement to be followed independently of antigen pre- 
sentation to specific T cells. As a control, naive HEL- 
specific cells were transferred into nontransgenic recipi- 
ents lacking HEL autoantigen (naive-Non; Figure 2A). 
The number of HEL-binding B cells reaching the spleen 
7 hr after transfer was similar in recipients that either car- 
ried or lacked HEL autoantigen (Figure 2A). As previously 
observed, naive immunoglobulin-transgenic B cells recir- 
culated between spleen, lymph nodes, and blood in non- 
transgenic recipients and many cells remained 6 days 
after transfer (Figure 2A). In HEL-bearing recipients, how- 
ever, the naive B cells were rapidly depleted from the 
blood, failed to accumulate efficiently in lymph nodes, and 
rapidly disappeared from these tissues and the spleen 
(naive*HEL; Figure 2A). The latter fate was similar to that 
of anergic B cells transferred to HEL-transgenic recipients 
(Figure 28; Cyster et al., 1994) except that disappearance 
of naive B cells was slightly delayed compared with aner- 
gic B cells. Thus, after 1 day the number of naive HEL- 
specific B cells in HEL-recipients had not decreased, 
whereas the frequency of anergic B cells had already de- 
creased by 50% following equivalent transfer (Figures 2A 
and 28). 
Despite the similar fate of naive and anergic HEL- 
specific B cells competing with endogenous B cells in HEL- 
transgenic recipients, the cells could nevertheless be dis- 
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Figure 3. Rapid Expression of CD66 (87~2/870) on Naive B Cells after 
Transfer to HEL-Transgenic Recipients, and Maintained Surface IgM 
Modulation on Anergic B Cells in the Absence of HEL Autoantigen 
(A) CD66 expression on HEL-binding B cells 7 and 20 hr after transfer 
of naive cells into nontransgenic (broken line) or HEL-transgenic (solid 
line, top) recipients, or of anergic cells into HEL-transgenic recipients 
(solid line, bottom). 
(B) Cell surface IgM” expression by anergic (thick line) or naive (thin 
line) HEL-binding cells 7 hr and 6 days after cell transfer to non- 
transgenic recipients. 
tinguished by their activation status. As observed for cells 
exposed to HEL in vitro (Cooke et al., 1994; Lenschow et 
al., 1994), naive immunoglobulin-transgenic B cells trans- 
ferred to HEL recipients rapidly expressed the costimula- 
tory molecule, CD86 (Figure 3A), whereas anergic cells 
transferred to HEL recipients did not express significant 
levels of this activation marker. Thus, in the presence of 
HEL autoantigen, competing B cells, and absence of HEL- 
specific T cell help, HEL-binding B cells died prematurely 
regardless of whether they became acutely activated by 
antigen or remained refractory due to anergy. 
As the anergic phenotype persists for several days in 
the absence of antigen (Goodnow et al., 1991; Cooke et 
al., 1994) a reciprocal transfer design (anergicenon) was 
used to determine whether anergy, independently of anti- 
gen-receptor occupancy, resulted in premature B cell 
death in the presence of competitor cells. In contrast with 
the rapid disappearance of anergic B cells following trans- 
fer to recipients expressing HEL (anergic+HEL; see Fig- 
ure 2B), anergic cells transferred to recipients lacking HEL 
(anergic-non; see Figure 28) persisted equivalently to 
naive cells (naive-non; see Figure 2A) over the 6 days 
of analysis. Compared with transferred naivecells, anergic 
cells were less frequent in the blood and lymph nodes 7 
hr after transfer into nontransgenic recipients (see Figure 
28) but this difference was transient as no difference was 
detectable by 24 hr (see Figure 2). Despite recovering 
their capacity to compete and recirculate, anergic B cells 
nevertheless retained low expression of cell surface IgM 
characteristic of anergy over the 6 day analysis period in 
nontransgenic recipients (Figure 38). 
Requirements for B Cell Follicular Exclusion 
The similarities in the survival of naive and anergic B cells 
following transfer to nontransgenic recipients and in their 
death following transfer to HEL-expressing recipients was 
correlated with the positioning of the B cells within or out- 
side follicles, respectively. Thus, in recipients that lacked 
HEL autoantigen, naive immunoglobulin-transgenic cells 
were evenly dispersed among recipient B cells in the folli- 
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Figure 4. Follicular Exclusion of Naive and Anergic HEL-Specific B Cells Requires both HEL Autoantigen and Competing B Cells with Other 
Antigen Specificities 
Two-color immunohistochemical analysis of spleen sections from transfer recipients (Figure 2) at 1 day after cell transfer. 
(A-C) Naive immunoglobulin-transgenic B cells transferred to nontransgenic (A) or HEL-transgenic (B, C) recipients. 
(D,E) Anergic B cells transferred to nontransgenic (0) or HEL-transgenic (E) recipients. 
(F) Staining control: nontransgenic cells transferred to a nontransgenic recipient. In A-F, sections were stained to detect HEL binding (red) and 
8220 (brown). 
(G-l) Naive LyLY-positive immunoglobulin-transgenic cells transferred to Ig/HEL double-transgenic (G, H) or HEL-transgenic (I) recipients. As all 
B cells in Ig/HEL recipients are HEL binding, sections in (G) and (H), and the control (I), were stained to detect transferred LyL*-positive cells (red) 
and either 8220 ((G], brown) or CD4 and CD6 ([HI and [I], brown). The latter stain combination allows detection of Ly5’-positive non-T cells (B 
cells) within follicular areas. f, follicle; t, T zone; and r, red pulp. Original magnification for A-C and E-l. 40x ; for D, 10x. Results in A-F are 
representative of multiple fields in sections from more than three spleens of each type, and in G-l of two spleens of each type. 
cles 1 day after transfer (Figure 4A) as previously observed 
(Cyster et al., 1994). In striking contrast, naive cells trans- 
ferred into HEL recipients accumulated in the outer Tzone 
and very few were present within follicles or in the red 
pulp (Figures 46 and 4C). This distribution was equivalent 
to that of anergic B cells transferred into HEL recipients 
(Figure 4E; Cyster et al., 1994) and in each case was corre- 
lated with rapid disappearance (see Figure 2). Conversely, 
anergic B cells that were transferred into a diverse B cell 
repertoire in the absence of continued exposure to HEL 
autoantigen entered follicles in spleen and lymph node 
and had a distribution 1 day after transfer that was indistin- 
guishable from naive cells (Figure 4D), consistent with the 
capacityofanergicBcellstosurviveunderthesamecondi- 
tions (see Figure 28). 
The histochemical findings above indicated that, in the 
presence of an excess of competitor B cells, follicular ex- 
clusion of HEL-specific B cells depended on continued 
exposure to HEL autoantigen. To ask whether premature 
death and follicular exclusion of naive HELspecific B cells 
also depended on the presence of competitor B cells that 
had not engaged their antigen-receptors, LySmarked na- 
ive immunoglobulin-transgenic cells were transferred into 
IglHEL double-transgenic recipients. The transferred 6 
cells would thus encounter HEL autoantigen but would 
compete only with anergic B cells that were also continu- 
ously binding HEL. Under these circumstances, naive 
cells down-regulated cell surface IgM, reflecting continued 
exposure to HEL autoantigen, yet the cells persisted 5 
days after transfer in similar numbers to cells transferred 
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to recipients lacking antigen (data not shown). Consistent 
with survival in the absence of competition, the LyV- 
positive 6 cells were evenly dispersed through 6 cell folli- 
cles of IglHEL recipients (Figures 4G and 4H), in contrast 
with the exclusion of LyV-positive cells from follicles after 
transfer to HEL-transgenic recipients with a diverse reper- 
toire (Figure 41). 
T Cell Help Rescues Naive but Not Anergic B Cells 
that Have Been Excluded from Follicles 
Collectively, the findings above establish that B cell follicu- 
lar exclusion and rapid death in the Tzone is independent 
of anergy but dependent on both continual antigen recep- 
tor occupancy and on competition among B cells that differ 
in the extent to which they are continuously binding anti- 
gen. In the HEL-transgenic recipients, follicular exclusion 
and premature death of both naive and anergic B cells in 
the T zone occurred in the absence of suitable helper T 
cells, since HEL-specific T cells are tolerant in these ani- 
mals(Adelsteinet al., 1991). Toexamine howthepresence 
of collaborating helper T cells might alter the fate of ex- 
cluded naive and anergic B cells that become trapped in 
the T zone, T cell tolerance was bypassed by introducing 
a 3 aa alloantigenic difference into the I-A molecules on 
the B cells that could be recognized by helper Tcells inde- 
pendently of the presence or absence of HEL-antigen. For 
this purpose, IglHEL-transgenic C57BU6 mice were bred 
with the I-A mutant strain, C57BU6”“12, and I-Abmr*-bear- 
ing cells from the Fl progeny were transferred to B6 
recipients. 
Naive and anergic B cells transferred into HEL recipi- 
ents expressed similar levels of MHC class II molecules 
(Figure 5A). As before (see Figure 2A), when naive immu- 
noglobulin-transgenic control cells from B6 donors were 
transferred to HEL-expressing B6 strain recipients (no T 
cell help), their numbers decreased 70% after 2 days com- 
pared with the same cells transferred into mice lacking 
HEL autoantigen (Figure 58). By contrast, no decrease in 
the number of HEL-binding cells occurred over this period 
when naive immunoglobulin-transgenic cells carrying 
I-Abmr2 were transferred to B6 HEL recipients (plus T cell 
help: Figure 58) and a fraction incorporated BrdU (data 
not shown). Thus, presentation of an alloantigen that could 
be recognized by recipient helper T cells rescued naive 
autoantigen-binding B cells from premature cell death and 
induced their proliferation. Upon immunohistochemical 
analysis, the majority of I-Abm12-bearing HEL-binding B 
cells were still restricted to the outer T zones after 2 days, 
although their distribution had expanded and many HEL- 
binding B cells were present along the lateral periphery 
of follicles adjacent to the marginal sinus and bridging 
channels (Figure 6C). Despite the rescuing effect of T cell 
help on B cell survival, only a small number of HEL-binding 
cells were present in the central region of the follicles, in 
striking contrast with the migration of naive cells carrying 
or lacking I-Abm12 after transfer to B6 recipients lacking 
HEL autoantigen (Figure 6A; data not shown). Thus, the 
presence of I-Abml*- reactive helper T cells was unable to 
restore normal migration into follicles among HEL-binding 
B cells that were continually exposed to HEL autoantigen. 
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Figure 5. Rescue and Differentiation to Antibody-Secreting Cells of 
Naive but Not Anergic B Cells by Helper T Cells 
(A) MHC class II expression by naive and anergic HEL-binding B cells 7 
and 20 hr after transfer to HEL-transgenic or nontransgenic recipients. 
(B) Frequency of naive and anergic B cells in the spleen 2 days after 
transfer. 
(C) Number of anti-HEL IgM” antibody-secreting cells in the spleen 5 
days after transfer. Cross-hatched bars represent transfers of 86 cells 
into 86 recipients, where no T cell help is available, and shaded bars 
represent transfer of I-Ah’*-positive B cells into B6 recipients that con- 
tain anti-I-AD”‘*-reactive helper T ceils. Bars represent means, error 
bars represent standard deviations, and dots represent values from 
individual recipient mice. The data are pooled from three experiments 
yielding comparable results. 
When HEL recipients were analyzed 5 days after trans- 
fer of naive immunoglobulin-transgenic B cells displaying 
I-Abm12 molecules, large numbers of cells secreting HEL- 
binding lgMa were present in the spleen (see Figure 5C). 
Few cells secreting anti-HEL antibody were present in the 
spleens of control recipients that lacked HEL autoantigen 
or T cell help (see Figure 5C; Figures 6E, 6F). Immunohis- 
tochemical analysis of spleens from B6 HEL-transgenic 
mice that had received naive I-Abm12-positive HEL-binding 
cells showed intensely staining cells, most likely antibody- 
secreting cells, singly or in aggregates in the T cell region 
of some white pulp cords, or more commonly along termi- 
nal arterioles in the marginal zone bridging channel lead- 
ing to the red pulp (Figure 6G, 6K). This distribution thus 
mimicked that previously reported for foci of hapten- 
specific B cells on day 5 during primary immune responses 
to hapten-carrier complexes (Claassen et al., 1986; Liu, 
et al., 1988; Jacob et al., 1991). 
In contrast with the prominent blastogenesis and anti- 
body response of naive B cells after transfer to HEL- 
transgenic recipients in the presence of T cell help, when 
anergic B cells displaying I-Abm12 molecules were trans- 
ferred to HEL-transgenic recipients they were not effi- 
ciently rescued by helper T cells and few anergic B cells 
persisted for 2 days (see Figure 5B; Figure 6D). Moreover, 
very few plasma cells secreting HEL-binding lgMB were 
detected in the spleen at day 5, either by SPOT-ELISA 
(see Figure 5C) or by immunohistochemistry (Figure 6H). 
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Figure 6. Effect of T Cell Help on the Distribution of Naive and Anergic B Cells in Recipient Mice Lacking and Expressing HEL-Autoantigen 
Two-color immunohistochemical staining of recipient spleen sections 2 (A-D, J) or 5 (E-H, I, K) days after cell transfer. 
(A, 8, E, F, I) Naive immunoglobulin-transgenic B cells transferred into nontransgenic (A ,E, I) or HEL transgenic (B. F) recipients lacking T cell 
help. 
(C, G, J, K) Naive Idam’- immunoglobulin-transgenic B cells transferred into 86 HEL transgenic recipients containing anti-l-Abml* T cell help. 
(D, H) Anergic I-Abm’-* B cells transferred into B6 HEL-transgenic recipients containing anti-l-A rm12 T cell help. All sections were stained to detect 
HEL-binding cells (red) and 8220 (brown). Original magnification, A-H, 40x ; I-J, 10x. Results were similar for more than three spleens of each 
type. 
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Table 1. Summary of Findings 
Parameters Outcomes 
HEL-specific Competing Circulating I-Abm’2-reactive Follicular Antibody 
Donor B cells Recipient B cells HEL-autoantigen helper T cells entry Survival production 
Naive HEL-specific (anergic) + + + - 
Naive not HEL-specific + + 
Naive not HEL-specific + - 
vaive not HEL-specific + + + + 
Anergic HEL-specific (anergic) + + + 
Anergic not HEL-specific - - + + 
Anergic not HEL-specific + 
Anergic not HEL-specific + + 
Discussion 
The findings here, summarized in Table 1, help to separate 
the early events that control B cell migration, survival, and 
primary antibody production in secondary lymphoid tis- 
sues. Concentration of antigen-specific B cells in the outer 
T zone and exclusion from follicles was shown to be a 
result of continual antigen binding and competition among 
different B cells, and to be independent from B cell anergy 
by three new findings. First, naive HEL-specific B cells 
were excluded from follicles after transfer to HEL- 
containing mice with a diverse B cell repertoire; and sec- 
ond, the same cells were not excluded after transfer into 
HEL-containing recipients lacking a diverse B cell reper- 
toire. Third, anergic HEL-specific B cells resumed migra- 
tion into primary follicles despite competition with other B 
cells when they were transferred to an environment lack- 
ing HEL antigen, even though the transferred cells re- 
tained characteristics of B cell anergy. In each instance 
where B cells were excluded from follicles they failed to 
survive more than a few days, irrespective of whether the 
transferred cells were naive or anergic (Table 1). When 
the T zones contained helper T cells that could recognize 
MHC class II alloantigens displayed by excluded HEL- 
binding B cells, however, naive B cells that had recently 
been exposed to and activated by HEL autoantigen were 
rescued from premature death and triggered into produc- 
ing autoantibody. Anergic B cells that had already been 
chronically exposed to the HEL autoantigen were refrac- 
tory to these effects of helper T cells and did not produce 
autoantibody. Follicular exclusion and anergy therefore 
play distinct and complementary roles in B cell self- 
tolerance: the former prevents self-reactive B cells from 
entering the recirculating preimmune repertoire as well as 
potentially fostering interactions between antigen-specific 
B and T cells, while the latter prevents self-reactive cells 
from being activated and differentiating into autoantibody- 
secreting cells during their brief period of residence in the 
T zone. 
B Cell Lifespan and Anergy 
Lifespan measurements of B cells in nontransgenic mice 
and rats have demonstrated that the peripheral B cell pool 
includes both a population of long-lived cells that survive 
l-4 weeks or more and account for greater than 75% of 
the cells, and a short-lived population that survives only 
for l-3 days (Sprent and Miller, 1972; Sprent and Basten, 
1973; Gray, 1988a; Forster et al., 1989; Forster and Rajew- 
sky, 1990; Allman et al., 1993; Chan and MacLennan, 
1993; Fulcher and Basten, 1994a). By measuring the rate 
of BrdU incorporation of anergic B cells in 100% lg/HEL 
double-transgenic mice, in which greater than 95% of the 
B cells were uniformly HEL-binding cells, we have con- 
firmed and extended previous findings in cell transfer stud- 
ies (Cyster et al., 1994) that a considerable fraction of 
anergic B cells can survive for at least 2 weeks (Figure 
1). Although thedatadonot allow ustodistinguish whether 
anergic cells in this case represent a single population of 
cells turning over probabilistically with an average half-life 
of 7 days, or a bimodal population comprised of a subset 
that turns over within l-3 days and a subset that survives 
for several weeks, the findings clearly establish that an- 
ergy itself does not limit B cell lifespan to l-3 days. Com- 
bined with previous findings that anergic cells mature nor- 
mally and recirculate between follicles in the periphery 
of IglHEL double-transgenic mice (Goodnow et al., 1988, 
1989a; Mason et al., 1992; Cyster et al., 1994) the pro- 
longed survival of many anergic cells in noncompetitive 
circumstances also clearly demonstrates that anergy is 
qualitatively distinct from deletion induced by membrane- 
bound HEL. In the latter case, all the HEL-reactive B cells 
are arrested in development at an immature stage and die 
within l-3 days in a uniform manner that is independent of 
competitor B cells (Hartley et al., 1991, 1993). 
In the presence of competitor B cells and the accompa- 
nying follicular exclusion in mixed bone marrow chimeras, 
turnover measurements of anergic B cells revealed a sig- 
nificant shortening of lifespan, in agreement with previous 
experiments wherein anergic B cells disappeared much 
more rapidly following transfer to HEL-expressing recipi- 
ents with a diverse repertoire (Cyster et al., 1994; Figure 
2). Of the anergic B cells present in mixed bone marrow 
chimeric mice, 90% were BrdU-labeled within 1 week, and 
the half-life of the population was estimated to be 3.5 days 
(Figure 1). This estimate does not take into account the 
2-3 day lag between pre-B cell labeling in the bone marrow 
and development to mature B cells that reach the periph- 
ery (Aspinall and Owen, 1983; Chan and MacLennan, 
1993), and the peripheral half-life of excluded anergic B 
cells may therefore be as short as l-2 days, consistent 
with the lifespan observed in cell transfer (Cyster et al., 
1994; Figure 2). 
Two additional findings in this study further establish 
that rapid 6 cell turnover is a feature of competitive exclu- 
sion and not anergy. First, anergic B cells transferred to 
recipients lacking WEL antigen rapidly entered follicles 
and survived equivalently to naive cells not previously ex- 
posed to antigen, and yet maintained the anergic pheno- 
type (Figures 2 and 3). Second, naive cells were also ex- 
cluded from follicles and disappeared rapidly following 
transfer to recipients that expressed HEL and harbored 
a diverse population of B cells (Figures 2 and 3). Failure 
of B cells to survive is therefore most closely linked to 
competition between B cells that have engaged their anti- 
gen receptors and cells that presumably have not (Table 
1). Exclusion of cells from follicles occurs in each instance 
prior to disappearance of the cells. Rapid elimination of 
naive and anergic B cells, when continually exposed to 
HEL and excluded from follicles, cannot be due to chronic 
antigen receptor engagement alone, because these cells 
do not die rapidly when transferred to Ig/HEL recipients 
that express identical concentrations of circulating HEL 
autoantigen but lack a diverse repertoire needed for com- 
petitive exclusion. The ability of HEL-exposed B cells to 
survive and recirculate under conditions that permit follicu- 
larcolonization, together with the premature death of naive 
B cells when placed into culture in the absence of follicular 
stroma (Illera et al., 1993), implies that survival signals are 
transmitted from stromal cells to recirculating Bcells within 
primary follicles (Cyster et al., 1994). Based on the data 
here, continued antigen receptor engagement on naive 
or anergic B cells may block this survival signal by interfer- 
ing with migration into follicles in a quantitative manner 
that only becomes apparent in competition with other 
B cells. 
A different interpretation for the shortened lifespan and 
rapid elimination of antigen receptor-engaged peripheral 
B cells has been drawn by several studies. Fulcher and 
Basten (1994a) have performed BrdU studies using the 
same IglHEL-transgenic model. In 4- to g-month-old ani- 
mals they found a dramatic decrease in the number of 
peripheral B cells and a shortening of lifespan, both com- 
parable to that found here in 80:20 chimeras with compet- 
ing B cells. The reduction in lifespan to 3-4 days was 
attributed to antigen receptor engagement alone (Fulcher 
and Basten, 1994a). In more recent studies from younger 
animals (Fulcher and Basten, 1994b), which in our experi- 
ence havesignificantlyfewer non-HEL binding Bcells(Ma- 
son et al., 1992; unpublished data), turnover curves similar 
to those found in 100% chimeras (Figure 1) were obtained. 
A marked decrease in lifespan of B cells whose receptors 
were continuously engaged was also found by Finkelman 
et al. (1995) in a recent study in nontransgenic mice treated 
with anti-IgD antibody. Although these results are also in 
accord with the anti-receptor antibody directly inducing 
death of the B cells, the presence of a resistant population 
of IgMhilgD”’ B cells in the animals is again consistent with 
competition between cells differentially triggered by the 
anti-IgD antibody, bringing about selective follicular exclu- 
sion and elimination of IgDhi cells. Similarly, the depletion 
of immunoglobulin-transgenic B cells expressing surface 
IgM specific for human IgG following injection of deaggre- 
gated human IgG (Tighe et al., 1995) may also result from 
competitive exclusion between hGG-engaged transgenic 
B cells and the approximately 50% of B cells that were 
nonantigen binding (Tighe et al., 1995). To determine 
whether peripheral deletion in each of these cases results 
simply from chronic antigen binding or also involves exclu- 
sion from follicular niches, it will be important to examine 
the migration of B cells in these animals. 
Role of Antigen Receptor Engagement and T Cells 
in B Cell Migration 
The exclusion of naive HEL-specific B cells from follicles 
and transient accumulation in the outer T zone in the pres- 
ence of HELautoantigen and competitor B cells resembles 
closely the redistribution of hapten-specific B cells that 
has previously been reported following immunization 
(Claassen et al., 1986; Liu et al., 1988, 1991; Jacob et al., 
1991). In immunization experiments, it was not distin- 
guished whether accumulation in the Tzone resulted from 
antigen binding to B cells alone or was secondary to their 
interaction with antigen-specific T cells. The retention of 
naive HEL-specific B cells in the T zone of HEL-transgenic 
mice lacking HEL-specific T cell help found here implies 
that B cell antigen receptor engagement and not interac- 
tion with specific T cells mediates retention of B cells in 
the outer T zone. The inhibition of recirculation following 
antigen binding by follicular exclusion provides an expla- 
nation for the well-described depletion of antigen-reactive 
cells from the circulation and accumulation in draining 
lymph nodes or spleen during the early phase of an im- 
mune response (Sprent et al., 1971; Rowley et al., 1972). 
As the outer T zone is a major trafficking region for T 
cells, it is likely that selective retention of antigen-reactive 
B cells in this zone functions to promote encounter be- 
tween antigen-specific T and B cells. In accord with this 
possibility, hapten-specific B cells have been detected in- 
teracting with activated T cells in this zone in the early 
phases of an immune response (Van den Eertwegh et al., 
1993). Also consistent is the repeated finding that B cell 
blasts are first detected during an immune response in 
the outer T cell zone prior to appearance in other areas, 
such as within follicles in regions destined to become ger- 
minal centers (van Ewijk et al., 1977; van Rooijen et al., 
1983; Claassen et al., 1986; Liu et al., 1988; Jacob et al., 
1991). The transient accumulation of anergic B cells in the 
same region supports previous speculation that anergic B 
cells might play a role in peripheral Tcell tolerance (Basten 
et al., 1991; Goodnow, 1992). Anergic B cells process and 
present antigen efficiently but fail to display normal levels 
of costimulatory molecules and therefore may deliver sig- 
nal 1 but not signal 2 (Allison, 1994; Jenkins, 1994) to 
antigen-specific T cells, possibly rendering the T cells tol- 
erant or altering their differentiation state. 
Experiments testing the response of naive and memory 
B cells to an antigen that was targeted to follicular dendritic 
cells have suggested that naive B cells do not enter folli- 
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cles eff iciently and that follicular entry may be T cell depen- 
dent (Gray, 1988b; Gray and Leanderson, 1990). Our find- 
ings here and previously (Cyster et al., 1994) firmly 
establish that naive B cells carrying anti-HEL specificity 
enter preexisting primary follicles with a similar efficiency 
to nontransgenic B cells in the absence of HEL antigen 
or specific T cell help, and these cells persist for long 
periods. Moreover, when a source of T cell help was pro- 
vided to B cells that had bound HEL antigen and were 
excluded from follicles, the B cells still did not become 
evenly dispersed through the follicles in the normal pattern 
seen in the absence of antigen (Figure 8). These observa- 
tions imply that the normal recirculation of B cells into 
primary follicles is a default pathway occurring in the ab- 
sence of antigen binding or T cell help, and is not a result 
of interaction with specific T cells in the T zone. The ineffi- 
cient response of naive B cells from a nontransgenic poly- 
clonal repertoire to foreign antigen on follicular dendritic 
cells may instead reflect the low frequency of cells in the 
newly produced B cell pool with the dual characteristics 
of specificity for foreign antigen and lack of reactivity with 
self-antigens. Our results with alloantigen-specific T cell 
help nevertheless leave open the possibility that T cell 
subsets under particular priming conditions might re- 
program B cells for migration into germinal centers. It will 
be important in future work to determine whether B cells 
that are continually binding autoantigen can or cannot en- 
ter into germinal center reactions, although our efforts to 
induce this by a variety of immunization strategies have 
so far been unsuccessful (K. Shokat and C. C. G., unpub- 
lished data). 
Anergy Prevents Activation of Self-Reactive 
B Cells in the 1 Zone 
When helper T cells and HEL autoantigen were present, 
naive B cells but not anergic B cells that were trapped in 
the outer T zone proliferated in this site and differentiated 
into antibody-secreting cells (Figures 5 and 8). The failure 
of anergic B cells to collaborate productively with helper 
T cells appears to stem from the desensitization of signal- 
ing by antigen receptors on the B cells (Cooke et al., 1994). 
This acquired signal block results in a failure to up-regulate 
the costimulatory molecule, CD88, and absence of anti- 
gen-induced progression from GO to Gl of the cell cycle 
Figure 7. Model Outlining the Early Antigen-Induced Events in B Cell 
Responses within Secondary Lymphoid Tissues 
See text for details. 
(Cooke et al., 1994). Desensitization of antigen receptor 
signaling also appears to render anergic B cells suscepti- 
ble to Fas-mediated elimination during interaction with 
CD4positive helper T cells (Rathmell et al., 1995). Since 
self-reactive B cells may potentially interact with helper T 
cells during their l-3 day period of exclusion to the T zone, 
for example, as a result of internalizing complexes of self- 
and foreign antigens (Goodnow et al., 1989b), B cell an- 
ergy would appear to play an important role in minimizing 
the chance of B cell differentiation into autoantibody- 
secreting cells. 
Summary of Early Events that Control B Ceil 
Migration, Survival, and Antibody Production 
in Secondary Lymphold Tissues 
Putting together the findings here and in a number of other 
studies (Nieuwenhuis and Ford, 1978; Claassen et al., 
1988; Jacob et al., 1991; MacLennan et al., 1992; Cyster 
et al., 1994) a model describing the early antigen-induced 
events influencing B cell fate within lymphoid tissues can 
be outlined (Figure 7). Following arrival in the outer T zone 
by constitutive trafficking processes, B cell fate first be- 
comes dependent on the state of antigen receptor occu- 
pancy and the presence of competitor B cells. If antigen 
receptors are not engaged or if a diversity of competitor 
cells are absent, B cells enter follicles, persist, and recircu- 
late. When antigen receptors are occupied and transmit 
a signal above a certain threshold, by contrast, this creates 
a differential with respect to nonantigen-binding B cells 
and the antigen-reactive subset of B cells are selectively 
blocked from entering follicles and remain in the outer T 
zone. In the absence of T cell help, owing to self-tolerance 
in the T cell compartment, for example, antigen-binding 
B cells that are excluded from follicular niches die in l-3 
days. Death of excluded antigen-binding B cells may in 
this case reflect failure to gain access to trophic factors 
in the follicular stroma, as occurs when isolated B cells 
are cultured in vitro (Illera et al., 1993). When T cell help 
is present, excluded cells that are recently activated by 
antigen may be rescued from cell death and induced 
to proliferate and differentiate into antibody-secreting 
plasma cells (Figure 7) or possibly germinal center cells 
(Liu et al., 1991; Jacob and Kelsoe, 1992). Anergic B cells 
that have become desensitized to antigen as a result of 
chronic exposure do not become activated, however, and 
fail to be rescued by helper T cells in the T zone (Figure 
7). Based on recent data, their failure to be rescued may 
depend in part on helper T cell-mediated killing in a Fas- 
dependent manner (Rathmell et al., 1995). 
Collectively, these findings indicate that competitive ex- 
clusion of antigen-reactive B cells from lymphoid follicles 
provides a mechanism for eliminating newly generated 
self-reactive B cells from the preimmune repertoire as well 
as facilitating interactions between antigen-specific B cells 
and T cells during an immune response. Understanding 
the molecules controlling lymphocyte migration between 
T zones and follicles and the nature of signals that promote 
B cell survival within follicles will be central issues for fu- 
ture study. 
Experlmentel Procedures 
B6 immunoglobulin-transgenic mice were of the MD4 line, which car- 
ries transgenes encoding IgM’and IgD. heavy chains and a light chain 
that pair to form a high affinity anti-HEL specificity (Goodnow et al., 
1966). B6 HEL-transgenic mice were of the ML5 line, which carries 
a transgene encoding HEL under the metallothionien promoter and 
contains HELat 1 nM in serum (Goodnow et al., 1966). In some cases, 
immunoglobulin and Ig/HEL double-transgenic mice carried the Ly5’ 
allele of CD45 as a result of breeding with B6 LYLE congenic mice (a 
gift of Dr. I. Weissman). B6 H-2b”‘2 mice (Jackson Laboratories, Bar 
Harbor, Maine) were mated with 66 Ig/HEL double-transgenic mice 
to produce (B6 x bml2)Fl mice carrying the transgenes. Transgenic 
mice were screened using polymerase chain reaction (PCR) as pre- 
viously described (Hartley et al., 1991) and the immunoglobulin- or 
double-transgenic nature of donor cells was confirmed by flow cytome- 
try before use in transfers. All mice were used between 6-16 weeks 
of age. Bone marrow chimeras were made as previously described 
(Cyster et al., 1994). Bone marrow from LyBcpositive immunoglobulin- 
transgenic and Ly5’negative nontransgenic donors, with or without 
mixing as stated in the results, was injected into the lateral tail vein 
of recipients that had been lethally irradiated with two doses of 450 
rads X-irradiation separated by 3 hr. The animals received antibiotics 
(polymyxin B, 110 mgll and neomycin, 1 .I g/l) in the drinking water 
for the entire period of reconstitution. 
BrdU Labeling 
BrdU (Sigma) was administered for up to 14 days at a concentration 
of 0.25 mg/ml in the drinking water containing antibiotics, with 1% 
glucose included for the first 3 days to overcome taste aversion. The 
water was replaced twice a week. 
Adoptlve Transfers 
Recipient B6 nontransgenic. HEL-transgenic, or Ig/HEL double-trans- 
genie mice were injected in the lateral tail vein with 0.3 ml aliquots of 
cells containing 1.3 x IO’ HEL-binding or nontransgenic B cells. After 
the indicated times blood was taken, the spleen and mesenteric lymph 
nodes were removed and about half of each organ was frozen in CCT 
compound (Miles, Incorporated, Elkhart, Indiana) for sectioning. Cell 
suspensions were prepared from the remainder, counted, and ana- 
lyzed by flow cytometry as below, and in some cases the number of 
anti-HEL IgMQecreting cells was enumerated by SPOT-ELISA 
(Goodnow et al., 1969a). 
flow Cytometry 
Three-color FACS analysis was performed on a FACScan with FACS 
desk software (Beckman Center Shared FACS Facility). Surface 
marker staining was performed as previously described (Goodnow et 
al., 1966; Cyster et al., 1994) using the following monoclonal antibodies 
(MAbs): 8220, RA3-6B2-phycoerythrin (PE; Caltag); IgM’, RS3.1-PE 
(Caltag); IgD”, AMSS.l-fluorescein isothiocyanate (FITC); Ly5’, A20- 
1.7-FITC; CD66, GLl-PE (Pharmingen); class II, anti-I-Ap-biotin 
(Pharmingen), and streptavidin cychrome (Pharmingen). HEL binding 
was measured by incubating the cells with 200 @ml unlabeled HEL 
(Sigma) followed by biotinylated anti-HEL MAb HyHEL9 and streptavi- 
din cychrome. In adoptive transfers, the frequency of transferred HEL- 
binding cells in each tissue was determined by setting gates on 8220, 
IgD’, and HEL-positive cells or, in cases when transferred cells carried 
the Ly5. allele of CD45, on 8220, Ly5. and HEL-positive cells. Similar 
results were obtained with both methods of quantitation. Staining to 
detect BrdU in B cell DNA was as previously described (Hartley et al., 
1993) except the cells were stained first with HEL and HyHELS-biotin. 
lmmunohlstochemlstry 
Cryostat sections (7 pm) were fixed and stained as previously de- 
scribed (Mason et al., 1992). HEL-binding cells were detected by incu- 
bating with HyHEL-9 biotin followed by avidinconjugated alkaline 
phosphatase (Sigma), and 8220 with rat 682 MAb followed by goat 
anti-rat-conjugated horseradish peroxidase (Southern Biotechnical 
Associates, Birmingham, Alabama). Enzyme reactions were devel- 
oped with conventional substrates for peroxidase (diaminobenzidinel 
HzOZ) and alkaline phosphatase (Fast red/Napthol AS-MX). Sections 
were counterstained in hematoxylin and mounted in Crystal Mount 
(Biomeda Corporation, Foster City, California). 
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